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Introduction
For decades, not only has cisplatin been recognized as a powerful anticancer agent for chemotherapy, but it has also stimulated the growth of bioinorganic chemistry. Not surprisingly, hundreds of publications, including several books, [1] [2] [3] [4] [5] have reported studies on cisplatin and many more papers continue to appear in the literature. Because of the continuing importance of cisplatin in chemotherapy, more knowledge about cisplatin is expected to lead to better understanding of the action of cisplatin. Moreover, reliable values for the physical properties of cisplatin may be useful to workers interested in drug design and in quantitative structure-activity relationship.
Although cisplatin is a relatively small molecule, it remains a challenge to theoretical studies because of the presence of platinum with 78 electrons. Consequently, theoretical methods in studying Pt containing molecules are not as well established as those for organic and other small molecules. Almost all previous workers used effective core potentials (ECPs) 6 to reduce the size of basis sets. Of various ECPs the most popular choice appears to be LanL2DZ, [7] [8] [9] with or without additional polarization d-type function on chlorine. However, approximations that seem to perform well may not be as reliable for Pt containing systems. For example, density functional theory (DFT) studies using the exchange-correlation energy (E xc ) known as mPW1PW 10, 11 was preferred 12,13 for the geometry optimization and prediction of the vibrational spectrum of cisplatin. E xc = mPW1PW was considered "clearly superior"
12 to other choices of E xc . It should be emphasized that mPW1PW is a rather old method and may not fair as well in comparison with other methods made possible by the recent advances in computer hardware and software. As shown below, mPW1PW is far from being the best choice. More recently, Gao et al 14 concluded that the local spin density approximation (LSDA) was "clearly superior" to the other density functionals. In view of the large advances made by both computers and quantum chemistry programs, we decide to test DFT and ab initio methods to increase our experience in theoretical study of Pt containing molecules, by calculations including involve all electrons using scalar as well as spinorbit zero-order relativistic approximation (ZORA). Tentative D r a f t 2 conclusions about the reliability of various methods will be drawn from comparison of our results with previous computations and with available experimental data.
Throughout this paper, we use the Pople shorthand notation of method1/basis1//method2/basis2 to denote that method 1 with basis set 1 is used to compute the property of interest at the geometry optimized by method 2 with basis set 2. When method2/basis2 is the same as method1/basis1, the geometry specification is sometimes omitted.
Methodology
In this study, we use two programs: Gaussian09 15 and ADF2013. 16 Within the Gaussian09 package, 15 the ECP known as LanL2DZ is available. Following previous workers, [17] [18] [19] [20] we add the following Gaussian-type polarization functions: p(α = 1.0) to the basis set of H, 17,18 d(α = 0.8) to N, 18, 19 and d(α = 0.75) to Cl. 20 Although the choice of these exponents is somewhat arbitrary, we do not expect large differences with other reasonable choices. The expanded basis set will be called LanL2DZP below. On the other hand, the ADF Program 16 allows us to treat relativistic effects with ZORA. The ZORA basis set of Slater-type orbitals of TZP quality is more flexible than even the polarized triple-zeta sets of Gaussians such as 6-311G** because the latter contains triple-zeta valence with single-zeta core basis, whereas TZP set in ADF contains triple-zeta valence and double-zeta core basis. The TZ2P basis set available in the ADF package is even more flexible than TZP, but its use requires more computer time For the structure of drugs in aqueous solutions, the solvent is modeled as a dielectric continuum. For the Gaussian09 program, 15 we use the Polarizable Continuum Model (PCM) by including SCRF=(Solvent=Water) in the input. For ADF2013 program, 16 we use the Conductor-like Screening Model by adding the following three input lines Solvation SOLV Name=Water End For the dipole moments and static polarizabilities, we prefer the exchange-correlation potential V xc known as statistical averaging of orbital potentials (SAOP), [21] [22] [23] in the belief that use of V xc = SAOP will lead to better description of the electron density. For vertical ionization energies (VIEs) of valence electrons, the method we developed in 2009, 24 abbreviated as ∆PBE0(SAOP), is used. It means the energy difference between parent and cation calculated with the parameter-free exchangecorrelation functional E xc known as parameter-free Perdew-Burke-Emzerhof functional (PBE0) 25, 26 for the electron density computed with V xc = SAOP. [21] [22] [23] For core-electron binding energies (CEBEs) of C to F, we recommend the method developed in 1999, 27-29 namely ∆PW86-PW91+C rel , which stands for the energy difference between parent and core-hole cation calculated with the exchange-functional PW86 30 and the correlation functional PW91. 31 A small relativistic correction C rel , derived empirically in 1995, 32 is added. These methods have been tested on many organic molecules (see our recent paper 33 and references therein). Similarly, the CEBEs of 2p for Si to Ar can be estimated by the procedure proposed in 2006.
34 The method may be described as scalar-ZORA ∆OPTX-LYP + C rel . Although the performance of various density functionals used within time-dependent DFT has been compared in several investigations (see Ref. 35 and references therein) , those studies are all for gas-phase molecules. The study of UV absorption of organic drugs in aqueous solution is more difficult. Cossi and Barone 36 pointed out the important consideration of time scale: during electronic excitation, relaxation of solvent electrons is fast but geometric relaxation is much slower. In their D r a f t procedure of nonequilibrium solvation therefore, the static dielectric constant was used in the PCM for the structure and ground state electron density, but the optical dielectric constant was used for the TD-DFT step. Although the results for the first strong absorptions of diazabenzenes in a few solvents using the density functional known as PBE0 were already quite good, 36 Cossi and Barone concluded that the best results for diazabenzenes in aqueous solution were obtained with the cluster model of the solutes with two water molecules. Jacquemin et al 37 followed the lead and applied the nonequilibrium procedure to study the visible absorption spectra of organic dyes in several nonaqueous solvents. These workers concluded that the density functionals PBE0 and CAM-B3LYP outperform the other functionals tested. Sanna et al 38 studied the UV absorption spectra of anticancer campothecin family drugs in aqueous solution with the popular B3LYP functional and concluded that the second strong absorption was not produced unless water molecules were included in the solute-water clusters. In this work, however, we stay with the polarizable continuum model (without any explicit inclusion of water molecules in the solute clusters) and follow Cossi and Barone 36 in the use of nonequilibrium solvation. Because a maximum absorption of UV/visible light by molecules in liquid solutions may correspond to several calculated excited states, we have to convolute computed excitation energies with their oscillator strengths to synthesize a simulated spectrum. To perform the convolution, we model each excitation with a Gaussian line-shape and estimate the full width at half maximum (FWHM) necessary to produce a reasonably looking spectrum. For example, the absorptions of fluorouracil(aq) and tirapazamine(aq) can be simulated by a choice of FWHM = 34 nm for UV absorptions and 73 nm for the visible region. 39 The choice of FWHM needs to change when we study other molecules in water or in other solvents. This approximation for the effect of solvation is fairly crude for aqueous solutions, in which hydrogen bonds between solutes and solvent are undoubtedly present. To include the effects of hydrogen bonds would require inclusion of discrete water molecules with procedures such as the ONIOM method, 15 which is beyond the scope of the present study. In spite of such limitations, we venture ahead and try to determine the best exchange-correlation functionals (or potentials) to use in time-dependent DFT calculations. Since the available experimental absorption maxima of cisplatin(aq) lie between 200 nm and 420 nm, we try our TDDFT calculations with the lowest 70 excited states. Some calculations on 60 and 85 excited states are also tested. Our target is to perform all-electron spinorbit ZORA calculations with the basis set TZP.
Ideally, for every physical property, one would like to use the best procedure CCSD with large basis sets such as aug-cc-pV5Z. However, practical limitations of computer speed, and perhaps memory capacity as well, force us to use the best combination of method/basis available. The properties requiring most demanding computations are vibrational spectra and UV/visible absorption spectra. Consequently, smaller basis sets are usually used.
Results and Discussion
Structure and vibrations
As mentioned above, almost all previous calculations used effective core potentials to approximate the core electrons of Pt. Most of the previous theoretical studies on cisplatin focused on its molecular structure. Moreover, the calculated results on a single molecule were compared with the experimental structure of solid cisplatin. 40, 41 Therefore, the conclusion drawn from such comparisons may not be based on concrete grounds.
Let us first consider ECP computations on a single cisplatin molecule using ECP = LanL2DZP. The high-level ab initio "gold standard" procedure, accepted by most scientists, is called CCSD(T), which is coupled cluster singles and doubles (CCSD) 42 with perturbative triples corrections. However, because the Gaussian program does not have gradients for the CCSD(T) procedure, geometry D r a f t 4 optimization would take months, if not years, of computer time. In the present work, therefore, we regard the theoretical level of CCSD as most reliable, and use it as standard to compare the bond lengths and bond angles from other methods in Table 1 . The numerical values in Table 1 have been given more significant figures than justified; and thus the last figure in each value could very well be incorrect. All bond lengths and bond angles in Table 1 are shown in units of Angstroms and degrees, respectively. It can be seen that neither mPW1PW nor LSDA is superior to other methods with or without added polarization functions. A general trend we observe in using ECP for cisplatin is that the angle <ClPtCl is smaller than <NPtN.
Next, we study the effect of including all electrons using scalar ZORA with TZ2P basis set of Slater-type orbitals. The results are summarized in Table 2 . The inclusion of all electrons, with the use of ZORA, (a) reverses the general trend regarding the two angles mentioned above, (b) increases the angle <ClPtN considerably making better agreement with experiment, and (c) decrease the PtCl bond length further. Based on the results shown in Table 1 , we believe that the best geometry is the allelectron calculation using the B1LYP density functional with scalar ZORA. Another trend we noticed but did not display in Table 1 is that the addition of polarization functions in LanL2DZP shortens the PtCl bond length predicted by LanL2DZ basis, but has only a small effect on the PtN bond length.
Finally, we compare our best geometry from the B1LYP energy functional using ZORA/TZ2P with previous calculations and experimental results in Table 3 . Various functionals have been used by previous workers and only the popular choices of mPW1PW and B3LYP are selected to be displayed in Table 3 . Except for our results labelled ZORA-B1LYP/TZ2P, the calculated bond angles tend to overestimate <ClPtCl and <NPtN, thereby to underestimte <ClPtN. We regard the geometry optimized by ZORA-B1LYP with TZ2P basis set to be most reliable. At this geometry, the dipole moment is 10.61 debyes; and results for the static polarizability are α ave = 86.97 au and ∆α = 48.24 au.
Before we started on vibrational spectra of molecules, we expected that the best procedure for equilibrium geometry would also lead to best results for vibrational frequencies. In Tables 4 and 5, we display some of our computational results with the experimental and calculated results of previous workers. 8, 10, 22, [26] [27] [28] There is always an ambiguity in the symmetry labelling for any molecule with C 2v symmetry. The labels B 1 and B 2 are sometimes interchanged. For our choice, the vibrational modes are labelled 9A 1 + 5A 2 + 5B 1 + 8B 2 . We do not follow the other workers 8, 10, 22, 23 to use scale factors to correlate the calculated results to the observed ones. We note that the predicted vibrations have been calculated on a single molecule, whereas the experimental measurements were performed on the single crystal. Moreover, we compute harmonic frequencies and not the vibrational fundamentals. It is therefore not possible to give a quantitative assessment of the performance of various procedures. Nevertheless, from the pattern of the vibrational spectra and possible trends, especially with so many previous studies, we can draw the following qualitative conclusions from Tables 4 and 5: (a) The NH 3 moieties are far apart in cisplatin and the symmetric and antisymmetric combinations of NH 3 vibrationals occur in pairs of similar frequencies: A 2 with B 1 , and B 2 with A 1 . (b) Surprisingly, the ZORA-B1LYP method does not appear to provide the best vibrational spectrum, contrary to our expectation. (c) The method of ECP-mPW1PW, favoured by earlier workers, gave quite reasonable account of the vibrational spectrum, even though the optimized geometry predicted by ECP-mPW1PW is far from being the best choice as shown in Table 1 . (d) A few of the previous assignments appear to be incorrect, while most of the others are confirmed. (e) In spite of the qualitative nature of the computed intensities, they are very helpful in the assignment. (f) Having the complete spectra including some unobserved modes is also helpful.
Electron spectra
Experimental ESCA ionization energies of cisplatin vapour were reported as early as 1979.
53
As far as theoretical studies were concerned, the early methods used SCF = Xα, 53 relativistic extended Huckel, 54 and Dirac scattered wave. 55 In this work, we used both Hartree-Fock (HF) and outer-valence
Green's function (OVGF) methods with ECP and LanL2DZP basis set, as well as DFT methods metaKoopmans' theorem (mKT) 56 and ∆PBE0(SAOP) 24 including all electrons and scalar ZORA. For the simple mKT method, 55 we approximate vertical ionization energies with the negative of the orbital energies from a DFT calculation using the model potential called SAOP; and for the better method, 24 ∆PBE0(SAOP) means the difference between the energies of the cation and the neutral parent calculated with the parameter-free Perdew-Burke-Emzerhof functional (PBE0) for the electron density computed with the SAOP potential. In Table 6 , we compare our results with previous calculations and experiment. Because the calculations are for a single cisplatin molecule, whereas the experiment was made on the solid, the former is always higher. The difference between the ionization energies for gasphase and solid-state molecules can be attributed to three factors: (a) intermolecular interaction in solids, such as hydrogen bonds, (b) the difference between the Fermi and vacuum levels, and (c) other dielectric effects. The difference is sometimes given the symbol WD. When the factor (a) is small, WD is dominated by the work function W of the solid. Zuloaga and Arratia-Perez 55 used the value of 2.07 eV, and we use an empirical value of 5.16 eV. It can be seen from the comparison in Table 6 that the performance of our ∆PBE0(SAOP) procedure is not as good as for gas-phase molecules. In spite of those effects, we wish to encourage experimental scientists to measure the valence ionizations of solid cisplatin with modern techniques, especially to see whether or not there is an ionization corresponding to the missing entry in Table 6 .
In general, it is difficult to calculate reliable core-electron binding energies (CEBEs). In the past, we developed DFT methods for the CEBEs of C to F 27-29 and 2p CEBEs for Si to Ar. 34 So far, no one seems to have as reliable methods for the other core electrons in cisplatin. In this work, therefore, we only compare the calculated value of 204.60 eV for CEBEs of Cl 2p in cisplatin(g) with experiment and present the predicted value of 407.26 eV for the CEBE of N 1s in cisplatin(g). In their 1979 paper, Barber et al 53 reported 189.4 and 199.8 eV for the CEBE of Cl 2p in solid cisplatin. Since we know that the average splitting between 2p 1/2 and 2p 3/2 in gas phase molecules is about 1.63 eV, 34 the two values observed by Barber et al could not be for Cl 2p 1/2 and Cl 2p 3/2 . We believe that the 199.8 eV value is the average <2p> for solid cisplatin and, with a shift of 5.2 eV estimated from 2-(aq) and that we need to use spinorbit ZORA instead. In addition, we find that many E xc can provide quite reasonable absorption spectra. In the study of cisplatin, we first examine the observed spectra of aqueous solution reported by previous workers and try to obtain the best estimates of the experimental absorption maxima. The results are shown in Table 7 . Note that the best estimates of the observed absorption maxima are not precise and have an uncertainty around 1 to 2 nm. Then, we perform all-electron TDDFT calculations with various exchange-correlation functionals/potentials on cisplatin using spinorbit ZORA. The performance of over 20 exchangecorrelation functionals is summarized in Table 8 . There are many sources of error in the deviations: (a) Because the best estimates of experimental absorption maxima are approximate, as mentioned D r a f t 6 above, the deviations in Table 8 are also approximate. (b) For each exchange-correlation functional/potential, there are errors in the calculated absorption maxima themselves since they are dependent on the calculated f-values and on the choice of FWHM as well as the number of excited considered in the TDDFT procedure. (c) Since Gaussian line shape has been used in the convolution in the generated spectra, the calculated absorption maxima include inherent convolution errors. (d) The implementation of TDDFT in most quantum chemical programs involves approximations. (e) The effect of solvent is approximated by polarizable continuum. In any event, we conclude that, of the few exchange-correlation functionals/potentials (O3LYP, B3LYP*, SAOP, M06-L, and TPSSH), capable of providing reasonable approximations of the UV/visible spectra fluorouracil(aq) and tirapazamine(aq), 38 only the model exchange-correlation potential SAOP can perform well for cisplatin(aq) in spite of the many approximations mentioned above. Finally, the stimulated UV absorption spectrum of cisplatin(aq) based on TDDFT calculations using the model exchangecorrelation potential SAOP with spinorbit ZORA is shown in Fig. 1 .
Conclusions
Just as what was said about our recent study on three small anticancer drug molecules (fluorouraxil, hydroxyurea, and tirapazamine), the physical properties of cisplatin reported in this work cannot predict the biological effects, beneficial or harmful; nor can they predict what modifications would be needed to have similar or better therapeutic value. However, our results may help drug designers looking for possible anticancer drugs of similar structure. In this work, we conclude that the most reliable geometry of cisplatin is provided by the exchange-correlation functional B1LYP used in an all electron scalar ZORA calculation. The infrared spectrum of cisplatin computed in the present study compares well with previous investigation and with available experiments. Ionization energies for valence and some core electrons are calculated with established methods, whereas we gain some experience in predicting UV absorption spectrum in aqueous solution, namely, the model exchangecorrelation potential SAOP seems to perform quite well even under many approximations. 
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